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Substitution  of  B  for  Ti  in  Lii+xTi2-xBx(P04)3  introduces  x  mobile  Li+  ions  per  formula  unit  in  the  solid- 
station  range  0<x<  0.2.  The  B2O3  is  also  an  aid  to  sintering  dense  ceramics  with  more  uniform  particle 
size.  With  x  =  0.2,  the  room-temperature  Li+-ion  conductivity  is  crLi  =2.0  x  10-4  Scnrr1  with  a  motional 
activation  energy  of  0.48  eV.  For  x>  0.2,  an  intergranular  B203-rich  second  phase  impedes  intergranular 
Li+-ion  transport. 
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1.  Introduction 

Lithium-ion  batteries  are  now  widely  used,  but  safety  and  vol¬ 
ume  energy  density  remain  concerns  [1-6].  Replacement  of  the 
flammable  organic  liquid-carbonate  electrolyte  with  a  Li+-ion  solid 
electrolyte,  would  alleviate  safety  concerns  and  increase  the  vol¬ 
ume  energy  density  by  eliminating  irreversible  capacity  loss  on 
the  initial  charge.  However,  low  Li+-ion  conductivity  (<rLi)  and 
problems  with  the  interface  between  a  solid  electrolyte  and  solid 
electrodes,  particularly  a  solid  cathode,  have  prevented  realization 
of  competitive  all  solid-state  batteries  for  most  applications  [7,8]. 
On  the  other  hand,  use  of  a  solid-electrolyte  separator  with  a  liq¬ 
uid  electrolyte  contacting  the  cathode  would  eliminate  formation 
of  a  passivation  layer  at  the  anode  while  avoiding  the  difficulties 
associated  with  interfacing  a  solid  Li+-ion  electrolyte  with  a  solid 
insertion-compound  cathode. 

In  this  paper,  we  report  the  use  of  a  B203  flux  to  improve  the 
o Li  of  as-sintered  LiTi2(P04)3  with  the  NASICON  structure  from 
10-7Scm-1  [9,10]  to  over  10_4Scm_1.  Although  Ti(IV)  will  be 
reduced  on  contact  with  a  lithium  anode,  nevertheless  we  explored 
the  strategy  of  using  a  B203  flux  to  improve  the  interparticle  Li+-ion 
transport  in  an  oxide  Li+-ion  solid  electrolyte. 

Recently,  solid  LiMon  electrolytes  Li1+xMxTi2_x(P04)3  with 
M  =  A1  or  Sc  have  been  reported  [  1 1  -1 6]  to  have  a  <tL{  >  1 0-4  S  cm-1 
as  a  result  of  increased  LiMon  concentration  in  the  NASICON  frame¬ 
work  and  of  better  densification  of  the  phosphate  pellets.  Here 
we  have  increased  the  densification  and  the  LiMon  conduction  by 
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using  B203.  We  determined  the  solid  station  range  of  boron  with 
X-ray  diffraction  (XRD)  and  densification  with  scanning  electron 
microscopy  (SEM). 


2.  Experimental 

In  a  typical  synthesis  process,  Li2C03  (purity:  99.99%), 
Ti02(99.9%),  (NH4)2HP04  (extra-pure  grade)  and  B203  (99.9%)  were 
used.  The  stoichiometric  quantities  of  the  components  were  in 
the  molar  ratio  of  0.6:2:3:0  <x< 0.25.  A  relatively  large  amount 
of  excess  lithium  salt  was  added  to  compensate  for  loss  of  lithium 
during  the  heat  treatment.  The  mixture  was  ground  and  reacted 
in  an  alumina  crucible.  The  powder  was  precalcined  in  air  from 
room  temperature  to  923  K  at  2Kmin_1,  kept  at  923 1<  for  12h, 
and  allowed  to  cool  to  room  temperature  in  the  furnace.  The  sam¬ 
ples  were  uniaxially  pressed  into  discs  10  mm  in  diameter  in  a 
stainless-steel  die  at  3  MPa.  The  pressed  discs  were  sintered  from 
room  temperature  to  1123K  at  2Kmin-1,  kept  at  1123K  for  4h, 
and  allowed  to  cool  down  in  the  furnace  to  room  temperature. 

Impedance  spectroscopy  measurements  over  the  frequency 
range  of  1  Hz-1  MHz  with  a  Solarton  Impedence  Analyzer,  model 
1287,  were  made  on  circa  1-mm-thick  pellets  having  a  diameter 
of  12  mm.  Both  parallel  surfaces  of  the  pellets  were  sputtered  with 
a  layer  of  gold.  A  10  mV  voltage  was  applied  over  the  frequency 
ranges  of  the  Solarton. 

XRD  measurements  were  performed  with  a  Philips  PW  1830 
diffractometer  equipped  with  a  CuKa  source  operating  at  40  kV  and 
30  mA.  A  Rietveld  structure  refinement  was  carried  out  with  the 
Fullprof  software  package.  A  Philips  SEM  was  used  to  obtain  images 
of  the  pellet  morphologies. 
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Fig.  1.  XRD  patterns  of  LiTi2(P04)3-xB203  solid  state  electrolyte  and  B203. 


Table  1 

Lattice  parameters  and  ionic  conductivity  of  LiTi2(P04)3-xB203  solid  state 
electrolyte. 


B203  (molar  fraction) 

a  (A) 

c(A) 

v(A)3 

Ionic  conductivity 
(Scm-1) 

x  =  0 

8.509 

20.847 

1307.2 

8.3  x  10“6 

x  =  0.05 

8.507 

20.844 

1306.5 

4.5  x  10“5 

x  =  0A 

8.506 

20.848 

1306.2 

5.6  xlO-5 

x  =  0A5 

8.506 

20.828 

1305.5 

9.3  x  10“5 

x  =  0.2 

8.503 

20.832 

1304.5 

2.0  x  10-4 

x  =  0.25 

8.508 

20.822 

1305.3 

cn 

X 

o 

3.  Results 

3.1.  XRD  patterns  ofLiTi2(P04)3  as  a  function  ofB203  content 

Fig.  1  shows  XRD  patterns  of  LiTi2(P04)3-xB203  as  a  func¬ 
tion  of  B203  content  and  B203.  The  lattice  parameters  of  pure 
LiTi2(P04)3-xB203  are  listed  in  Table  1.  As  can  be  seen  from 
the  table,  the  volume  decreases  with  increasing  x  in  the  range 
0  <x  <  0.2,  indicating  some  incorporation  of  B3+  into  structure  with 
a  compensating  increase  in  the  Li+-ion  concentration. 


IOOOT'Vk'1 

Fig.  3.  Temperature  dependence  of  impedance  spectroscopy  of  LiTi2(P04)3- 
0.2B203. 

3.2.  Impedance  spectroscopy  measurements 

Fig.  2  shows  the  room  temperature  impedance  data  for 
LiTi2(P04)3-xB203  pellets  with  different  values  ofx.  The  numerical 
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Fig.  2.  Impedance  spectroscopy  of  LiTi2(P04)3  as  a  function  of  the  molar  fraction  of  B203. 
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Fig.  4.  Cross-sectional  SEM  images  of  LiTi2(P04)3-xB203  as  a  function  of  the  molar  fraction  of  B2O3,x  =  0  (a),  x  =  0.1  (b),  x  =  0.2  (c),  x  =  0.25  (d). 


values  for  the  ionic  conductivity  at  room  temperature  are  listed  in 
Table  1.  The  inset  in  Fig.  2  shows  the  room-temperature  impedance 
data  for  LiTi2(P04)3-xB203  pellets  from  x  =  0.05  to  x  =  0.2  more 
clearly.  The  Li+-ion  conductivity  <rLi  can  be  seen  to  be  much  higher 
than  that  of  the  pure  LiTi2(P04)3,  increasing  with  x  to  a  maximum 
of  2.0  x  1 0-4  S  cm-1  at  x  =  0.2. 


3.3.  Temperature  dependence  of  impedance  spectroscopy  of 
LiTi2(PO4)3-0.2B2O3 

The  temperature  dependence  of  the  impedance  spectroscopy  of 
LiTi2(P04)3-0.2B203  from  300  K  to  413  K  is  shown  in  Fig.  3.  From 
Fig.  3,  the  Arrhenius  plot  for  aLi  =a0  exp(-sa/kT),  yields  an  activa¬ 
tion  energy  ea  =  0.48  eV. 


3.4.  SEM  images  of  LiTi2(P04)3-xB203 

Fig.  4  shows  cross-sectional  SEM  images,  magnified  8000  times, 
of  the  evolution  of  the  microstructure  of  LiTi2(P04)3-xB203  as  a 
function  of  B203  content.  LiTi2(P04)3  (x  =  0)  was  quite  porous  with 
a  particle  size  much  larger  than  that  of  all  the  other  samples.  For 
x  =  0.2,  the  distribution  of  grain  sizes  is  uniform  and  the  grains  are 
in  close  contact  with  each  other;  pores  are  few  in  all  the  sintered 
pellets.  However  Fig.  4(d),  shows  the  presence  of  a  second  phase 
associated  with  excess  B203.  The  second  phase  impedes  Li+-ion 
transport  to  lower  aLi. 


4.  Conclusions 

Substitution  of  B3+  ions  for  Ti4+  in  Lii+xTi2-xBx(P04)3,  like  substi¬ 
tution  of  Al3+  and  Sc3+,  creates  x  mobile  Li+-ions  per  formula  unit 
in  the  interstitial  space  of  the  M2(P04)3  framework.  The  Li+-ion 
conductivity  increases  with  x  in  the  solid  solution  range  0  <x  <  0.2 
to  give,  for  x  =  0.2,  a  room-temperature  <7Li  =  2  x  1 0“4  S  cm-1  with  a 
motional  activation  energy  of  0.48  eV.  The  B203  also  acts  as  a  sin¬ 
tering  aid  to  reduce  the  grain  size  while  enhancing  the  intergrain 
contact.  Beyond  the  solid  solution  range,  a  B203-rich  intergranular 
phase  impedes  intergranular  Li+-ion  transport. 
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